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ABSTRACT The Mycobacterium tuberculosis genome includes the large family of pe_pgrs genes, whose functions are unknown.
Because of precedents in other pathogens in which gene families showing high sequence variation are involved in antigenic vari-
ation, a similar role has been proposed for the pe_pgrs genes. However, the impact of immune selection on pe_pgrs genes has not
been examined. Here, we sequenced 27 pe_pgrs genes in 94 clinical strains from five phylogenetic lineages of the M. tuberculosis
complex (MTBC). We found that pe_pgrs genes were overall more diverse than the remainder of the MTBC genome, but individ-
ual members of the family varied widely in their nucleotide diversity and insertion/deletion (indel) content: some were more,
and others were much less, diverse than the genome average. Individual pe_pgrs genes also differed in the ratio of nonsynony-
mous to synonymous mutations, suggesting that different selection pressures act on individual pe_pgrs genes. Using bioinfor-
matic methods, we tested whether sequence diversity in pe_pgrs genes might be selected by human T cell recognition, the major
mechanism of adaptive immunity to MTBC. We found that the large majority of predicted human T cell epitopes were confined
to the conserved PE domain and experimentally confirmed the antigenicity of this domain in tuberculosis patients. In contrast,
despite being genetically diverse, the PGRS domains harbored few predicted T cell epitopes. These results indicate that human T
cell recognition is not a significant force driving sequence diversity in pe_pgrs genes, which is consistent with the previously re-
ported conservation of human T cell epitopes in the MTBC.

IMPORTANCE Recognition of Mycobacterium tuberculosis antigens by T lymphocytes is known to be important for immune pro-
tection against tuberculosis, but it is unclear whether human T cell recognition drives antigenic variation in M. tuberculosis. We
previously discovered that the known human T cell epitopes in the M. tuberculosis complex are highly conserved, but we hypoth-
esized that undiscovered epitopes with naturally occurring sequence variants might exist. To test this hypothesis, we examined
the pe_pgrs genes, a large family of genes that has been proposed to function in immune evasion by M. tuberculosis. We found
that the pe_pgrs genes exhibit considerable sequence variation, but the regions containing T cell epitopes and the regions of vari-
ation are distinct. These findings confirm that the majority of human T cell epitopes of M. tuberculosis are highly conserved and
indicate that selection forces other than T cell recognition drive sequence variation in the pe_pgrs genes.
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athogens have evolved numerous mechanisms to overcome,

evade, or exploit host immune responses. One such mecha-
nism, antigenic variation, consists of generating escape mutants
that are not recognized by existing host molecules. Antigenic vari-
ation is used by a wide range of pathogens, including bacteria,
fungi, parasites (1), and viruses (2). Well-documented examples
of gene families involved in antigenic variation include the highly
diverse Neisseria species opa gene family and the Plasmodium fal-
ciparum var. gene family. Antigenic variation in Neisseria opa
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genes occurs by slipped-strand mispairing and depends on
CTCTT pentamer units that vary in number and lead to the trans-
lational shift of the protein reading frame (3). In P. falciparum,
antigenic variation of the parasite is mediated by the differential
expression of a surface molecule encoded by ~60 var gene paral-
ogs. Each individual parasite expresses a single var gene at a time,
and variation is determined by epigenetic modifications (4). In
both cases, antigenic diversity is generated by conversion events
among gene family members sharing intragenic tandem repeats.
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Thus, gene families with similar but not identical sequences are
often involved in strategies used by pathogens to evade recogni-
tion by adaptive immune responses.

The mechanisms involved in antigenic variation may shape the
diversity of both pathogen and host loci. Indeed, the diversity of
the most polymorphic regions of the human genome, the human
leukocyte antigen (HLA) loci, is thought to be a response to patho-
gen escape variants (5, 6). In turn, host immune pressure is likely
to imprint a pathogen’s genome by selecting for escape variants (7,
8). Hence, analysis of genetic diversity in pathogen populations
can reveal mechanisms involved in the interaction with the host
immune system.

Tuberculosis (TB) is caused by a group of phylogenetically
closely related bacteria, the Mycobacterium tuberculosis complex
(MTBC) (9), which is characterized by a largely clonal population
structure and low overall genetic diversity (10, 11, 12). MTBC has
been classified into seven main phylogenetic lineages which are
associated with different geographic regions and human popula-
tions (11-18). Despite the availability of drug treatment, TB re-
mains a major public health problem, causing an estimated 1.4
million deaths in 2011 (19). This is due in part to the lack of an
efficacious vaccine, whose design is complicated by insufficient
understanding of the host-pathogen interaction.

T cell-mediated immunity is critical for resistance to M. tuber-
culosis, as T cell-deficient humans, nonhuman primates, and mice
are susceptible to rapidly progressive disease (20-22). Among T
lymphocytes, CD4" T cells are essential for protective immunity
to TB. In HIV-infected humans, loss of CD4* T cells greatly in-
creases susceptibility to TB (20). Humans (23), nonhuman pri-
mates (24), and mice (25, 26) also generate CD8* T cell responses
to M. tuberculosis antigens during infection. In addition to the role
for T cells in protective immunity in TB, there is also evidence that
human T cell responses are involved in inflammatory tissue dam-
age and in transmission of TB (reviewed in reference 20). Antigen-
specific T cells recognize short peptide epitopes generated by pro-
teolysis of pathogen proteins, bound to HLA molecules on the
surface of dendritic cells and macrophages. CD4* T cells recog-
nize peptide antigens bound to HLA class II molecules (HLA-DR,
-DQ, -DP), while CD8* T cells recognize peptides bound to HLA
class Ta molecules (HLA-A, -B, -C).

M. tuberculosis possesses multiple strategies to subvert host im-
munity, including downregulation of antigen gene expression, se-
questration in immature phagosomes, manipulation of cytokine
production, blockade of class II antigen presentation, and inhibi-
tion of T cell effector functions (27-31). However, no evidence of
antigenic variation has yet been found in M. tuberculosis. Indeed,
contrary to what the model of immune escape by antigenic varia-
tion would predict, recent comparison of 491 human T cell
epitopes in 21 genetically diverse MTBC strains revealed that the
known human T cell epitopes in the MTBC are hyperconserved
and under strong purifying selection (13). That study utilized
next-generation DNA sequencing that generates short sequence
reads and was thus unable to comprehensively analyze one of the
most variable gene families in the MTBC: the PE superfamily (13).

The PE superfamily is restricted to Mycobacteriaceae (32). The
name is derived from a Pro-Glu motif within the first 10 amino
acids of an N-terminal domain of ~110 amino acids. PE proteins
have been divided into three families, of which the polymorphic
GC-rich-repetitive sequence (PE_PGRS) family is the largest,
comprising 64 members (9). The other two families either contain
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a PE domain only (33) or a PE domain followed by a C-terminal
unique sequence that can be as long as 400 amino acids (PE_u-
nique domain). The PGRS domain varies in size from tens of to
several hundred amino acids and is characterized by tandem re-
peats of Gly-Gly-Ala and Gly-Gly-Asn motifs that vary in number
and can be intercalated by regions of diverse sequence up to
60 amino acids long. In addition, some PE_PGRS proteins contain
a unique domain linked to the C terminus of the PGRS domain
(34). Because of the unique repetitive sequence of the PGRS do-
main and the high redundancy within the family, pe_pgrs genes are
thought to be hot spots of recombination and single nucleotide
polymorphisms (SNPs). Indeed, analysis of three pe_pgrs genes
showed that clinical isolates of the MTBC can harbor polymor-
phisms in these genes, with a predominance of mutations occur-
ring within the PGRS domain (35, 36). These observations are
consistent with the widely held view that immune recognition is
the force driving sequence diversity in pe_pgrs genes (36, 37).

To better understand the genetic diversity of the pe_pgrs gene
family, and to characterize the impact of immune recognition on
sequence variation of these genes, we sequenced 25 pe_pgrs and 2
PE_unique domain genes in 94 phylogeographically diverse clin-
ical isolates of human-associated MTBC. We then analyzed the 64
PE_PGRS proteins in the H37Rv reference genome for predicted
CD4* and CD8*" T cell epitopes. Finally, we combined these
epitope predictions with our sequence diversity data. We found
that individual pe_pgrs genes differed widely in their genetic di-
versity and in the direction and extent of selective pressures acting
on them, suggesting these genes have distinct and nonredundant
functions. We found that the large majority of predicted CD4*
and CD8™ T cell epitopes were confined to the conserved PE do-
main and that despite being genetically diverse, the PGRS do-
mains harbored few predicted T cell epitopes. These results weigh
against the view that PE_PGRS proteins vary as a consequence of
T cell-mediated immune selection.

RESULTS

DNA sequence diversity and selection in PE_PGRS proteins. To
characterize the sequence diversity of PE_PGRS proteins and the
impact of human T cell recognition, we selected 27 PE_PGRS
family members for comparative DNA sequencing. These in-
cluded 22 classical PE_PGRS proteins, 3 members with a unique
domain linked to the C terminus of the PGRS domain (PE_PGRS
6, 35, and 39), and 2 PE_unique domain proteins (PE_PGRS 62
and LipY) (Fig. 1; see also Table S1 in the supplemental material).
The 27 genes encoding these proteins were sequenced in 94 clini-
cal isolates representative of five of the seven global MTBC lin-
eages (see Table S2). Lineage 5 and lineage 7 were not represented
in this study. All genes, except for wag22, were amplified and se-
quenced in at least 80% of the strains (Table 1). Due to deletion of
wag22 in 47 strains, and a frameshift which disrupts the open
reading frame (ORF) at the beginning of wag22 in other strains
(confirmed using alternative primer sets and by extraction of data
from whole genome sequencing [14]), only 15/94 (14%) strains
had an intact wag22 ORF, and genetic diversity analyses were not
computed for this gene. In addition, we found that pe_pgrs 2 was
deleted in all strains of lineage 6.

We first used the DNA sequences to determine the nucleotide
diversity (7r) for each pe_pgrs gene. We found that pe_pgrs genes as
a group were more diverse than the rest of the MTBC genome (7
= 0.00042 compared to 0.0003) (Wilcoxon signed-rank test, P <
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FIG.1 Individual pe_pgrs genes vary widely in frequency and type of variation
pe_pgrs genes sequenced in this study. The median nucleotide diversity of th

in the M. tuberculosis complex (MTBC). (A) Nucleotide diversity () of individual
e 24 selected pe_pgrs genes is indicated by the black horizontal line. The overall

median nucleotide diversity of the MTBC genome is indicated by a dashed horizontal line (13). (B) Ratio of substitution rates at nonsynonymous and
synonymous sites (dN/dS ratio). The median dN/dS ratio for all 24 pe_pgrs genes analyzed is indicated by a dashed line, which is the same as the dN/dS ratio for

the whole MTBC genome (13). (C) Indel diversity of the individual pe_pgrs ge
asterisk.

0.01) (Fig. 1A). However, not all pe_pgrs genes were equally di-
verse; some were very conserved (7 < 0.0002) and others highly
variable (7 > 0.001) (Fig. 1A; see also Table S3 in the supplemen-
tal material). Similarly, the pe_pgrs genes varied widely in their
rate of nonsynonymous/synonymous substitutions (dN/dS ratio)
(Fig. 1B; see Table S3), suggesting that the selection pressures act-
ing on the individual genes differ: 7 genes showed evidence of
diversifying selection (dN/dS > 1.5), 10 were under purifying se-
lection (dN/dS < 0.7), and 7 appeared to evolve neutrally (dN/dS
= 0.7 to 1.5) (Fig. 1B). Of note, the two genes encoding PE_u-
nique proteins, pe_pgrs 62 and lipY, were among the group exhib-
iting the highest dN/dS ratio. The lowest dN/dS values were found
in pe_pgrs 44, 47, and 59, which were more conserved than the
genome overall (Fig. 1B). These results indicate that the pe_pgrs
genes vary greatly in their sequence diversity, suggesting that in-
dividual pe_pgrs genes are subjected to distinct selection pressures.

Insertions and deletions. Insertions or deletions (indels) can
also contribute to genetic diversity and be under selective pressure
(38). We calculated the number of nonredundant indel events and
the indel diversity per site, defined as the average number of indels
per nucleotide site between any two DNA sequences chosen at
random. As we found for SNPs, the number of indel events and
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nes. The pe_unique domain genes (pe_pgrs 62 and lipY) are each designated by an

the indel diversity per site were heterogeneous among the pe_pgrs
genes (Fig. 1C; see also Table S4 in the supplemental material).
Some contained only one indel event (pe_pgrs 29 and 39), while
others (pe_pgrs 26 and 33) contained 10 to 12 indel events (see
Fig. S1 and Table S4). The indel distribution along the gene se-
quence was not random: 138/145 (95%) of the indels were in the
PGRS domains (x? with Yates correction for continuity = 13.72, P
< 0.001). Indels often occur in repeated sequences (39); hence,
the GC-rich-repetitive sequence and homopolymeric tracts in the
PGRS domain likely make this region prone to indels.

To explore differences in selection pressure on indels, we clas-
sified indels according to whether or not they led to frameshifts
(see Fig. S1). Frameshifts frequently lead to a premature stop
codon in the corresponding ORF, and if no other indel restores the
ORF, most frameshift mutations will be deleterious and removed
by purifying selection. In the absence of selection, one-third of
indels will contain multiples of three nucleotides, hence maintain-
ing the ORF, and two-thirds of indels will not be multiples of
three, causing a frameshift. We found that 21 out of 23 (87%) of
the pe_pgrs genes that contain indels had a ratio of in-frame to
frameshift indels greater than 0.33 (see Fig. S1 and Table S4),
which suggests that natural selection is acting on these indels.
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TABLE 1 Strain and gene analysis®

No. of strains

Gene Analyzed Excluded® With no PCR product
pe_pgrs 1 94 1 0
pe_pgrs 2 81 6 8
pe_pgrs5 87 8 0
pe_pgrs 6 62 27 6
pe_pgrs 15 92 1 2
pe_pgrs 23 81 9 5
pe_pgrs 24 73 1 21
pe_pgrs 25 91 1 3
pe_pgrs 26 94 0 1
pe_pgrs 29 83 0 12
pe_pgrs 31 93 2 0
pe_pgrs 33 95 0 0
pe_pgrs 34 95 0 0
pe_pgrs 35 91 3 1
pe_pgrs 38 76 2 17
pe_pgrs 39 92 1 2
pe_pgrs 41 87 1 7
pe_pgrs 44 93 0 2
pe_pgrs 46 76 1 18
pe_pgrs 47 86 1 8
pe_pgrs 48 86 0 9
pe_pgrs 51 91 3 1
pe_pgrs 58 92 0 3
pe_pgrs 59 91 0 4
pe_pgrs 62 92 0 3
lipy 93 2 0

@ wag22 was omitted because of its high frequency of disruption or deletion.

b Strains were excluded from analysis if a frameshift indel disrupted the open reading
frame or if the gene contained gaps larger than 20% of the gene length.
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However, based on these data alone, it is not possible to determine
whether selection is acting positively or negatively. Together, the
findings that pe_pgrs genes vary greatly in both sequence diversity
and indel diversity indicate that the individual genes are under
distinct selection pressures that operate within and/or between
human hosts. The findings also imply that members of the pe_pgrs
family serve distinct, and not redundant, functions.

PE_PGRS diversity across phylogenetic lineages. Compari-
son of the diversity of individual pe_pgrs genes by lineage in the
MTBC allows identification of homoplasies and comparison of
intralineage and interlineage variation. Nonsynonymous SNPs
(nSNPs) in individual pe_pgrs genes exhibited considerable vari-
ation in their intra- and interlineage frequency (see Fig. S2 in the
supplemental material). Four genes, pe_pgrs 6, 25, 33, and 58,
contained nSNPs in all 5 lineages examined, while variants in 17
genes were present in strains in 3 or fewer lineages (see Fig. S2A).
With the exception of one possible gene conversion event in two
strains, we found no evidence of homoplasy, or convergent evo-
lution, in different lineages involving nSNPs. Individual pe_pgrs
genes also exhibited considerable variation in the intra- and inter-
lineage frequency of indels (see Fig. S2B).

To seek higher-order grouping of the lineages, we performed a
three-dimensional principal component analysis (PCA) of the ge-
netic variation of 45 of the strains used in this study, based on the
non-pe_pgrs polymorphisms found in them as previously re-
ported (12) (Fig. 2A). PCA distinguished three major groups:
group 1 contains all strains belonging to lineages 2, 3, and 4 (con-
sidered evolutionarily “modern”), group 2 contains strains be-

[ Among Group 1 lineages Il Among all 3 Groups

FIG 2 Sequence variation in individual pe_pgrs genes is differentially distributed within and among lineage groups. (A) Neighbor-joining phylogeny adapted
from reference 13. The tree is rooted with Mycobacterium canettii, the closest known outgroup, and node support after 1,000 bootstrap replication is indicated.
For each lineage, branches are collapsed and colored according to the main MTBC lineages as defined previously (12, 16). The shaded boxes highlight the
combinations used for the comparative analysis in panel C. Light gray, comparison within lineages; dark gray, comparison among lineages 2, 3, and 4; black,
comparison among the three lineage groups identified by PCA. (B) Three-dimensional PCA plot of the strains used in this study based on non-pe_pgrs
polymorphisms (12) highlights three major groups separating the three evolutionarily “modern” lineages from lineage 1 and lineage 6. (C) Percentage of
variation of individual pe_pgrs genes within the 5 lineages, among the “modern” lineages, and among the three groups identified by PCA. The pe_unique domain
genes (pe_pgrs 62 and lipY) are each designated by an asterisk.
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FIG 3 MHC class I and class II epitopes are concentrated in the PE domain of PE_PGRS proteins. The amino acid sequences of all 64 annotated PE_PGRS were
used for in silico epitope prediction. The graph represents the number of high binding affinity (IC5, < 50 nM; solid line) and intermediate binding affinity (IC,
< 500 nM; dashed line) epitopes for the selected MHC class IT (A) and MHC class I (B) alleles, by amino acid position of the proteins. The lower part of each panel
shows an expanded view of the PE domain containing a high density of predicted epitopes. The observed results deviate significantly from what would be
predicted with a random distribution (P < 0.001; x? with Yates correction for continuity).

longing to lineage 1, and group 3 consists of strains belonging to
lineage 6 (Fig. 2B). Examination of the variation of individual
pe_pgrs within the individual lineages using analysis of molecular
variance (AMOVA) (69), among the “modern” lineages, and
among the three groups identified by PCA revealed three distinct
patterns (Fig. 2C). In one pattern (exemplified by pe_pgrs 58),
nearly all of the variation (92%) was found within the individual
lineages; in the second pattern (exemplified by pe_pgrs 15), most
of the variation was found among the lineages in PCA group 1
(75%); and in the third (exemplified by pe_pgrs 5), the variation
was distributed among the groups defined by PCA (93%). This
result further indicates that individual pe_pgrs genes exhibit dif-
ferences in genetic drift and/or are under distinct selection pres-
sure.

In contrast to our findings involving SNPs, indels exhibited
several instances of convergent evolution. Although the majority
of these involved the appearance of a given indel in only one strain
in each of two lineages, pe_pgrs 23, 26, and 33 contained indels
shared by more than one strain in at least one of the affected
lineages (see Fig. S2B). For example, indel 6 in pe_pgrs 33 was
present in all strains of lineage 3 and one strain of lineage 2, and
indel 7 of the same gene was present in all strains of lineage 1 and
one strain of lineage 4.

Identification of human CD4+ and CD8+ T cell epitopes in
PE_PGRS proteins. T cell-mediated immunity is essential for pre-
venting progression of TB and depends on binding of bacterial
peptides to HLA molecules for recognition by T cell antigen re-
ceptors. Since the existence of multiple family members and the
diversity in the PE_PGRS family have been interpreted as evidence
for arole in immune evasion (9), we tested the hypothesis that the
sequence diversity within PE_PGRS proteins alters HLA binding
of putative human T cell epitopes and thereby allows escape from
T cell recognition.

To test this hypothesis, we used the amino acid sequences of
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the 64 PE_PGRS proteins of strain H37Rv (NC_000962.2) for
epitope prediction, using NetMHCpan and NetMHClIIpan (http:
//tools.immuneepitope.org/main/html/tcell_tools.html) (40, 41).
For this analysis, we chose 15 HLA class I (7 HLA-A and 8 HLA-B)
and 8 HLA class II alleles as representative of diverse human pop-
ulations (see Table S5 in the supplemental material). HLA class II
analysis predicted a mean of 52 high-affinity epitopes per PE_P-
GRS protein, ranging from 0 (PE_PGRS 40) to 170 epitopes
(PE_PGRS 50), whereas HLA class I analysis predicted a mean of
18 high-affinity epitopes per protein. Overall, we identified 3,150
predicted CD4" and 1,053 predicted CD8* T cell epitopes in the
64 proteins. Analysis of the distribution of the predicted high-
affinity HLA class IT epitopes along the protein sequences revealed
that 2,301 of the 3,150 (73%) predicted epitopes were located
within the PE domains (Fig. 3A). Although the same pattern was
observed for high-affinity CD8" T cell epitopes, this result was less
striking but was similar when class I epitopes with predicted in-
termediate affinity (50% inhibitory concentration [IC;,] <
500 nM) were included (Fig. 3B). Alternative prediction algo-
rithms, including the stabilized matrix method (SMM and
SMM_align) (42-45), yielded similar results (see Fig. S3). Closer
inspection of the PE domains revealed a cluster of epitopes be-
tween amino acids 50 to 85: this region harbored 70% of all pre-
dicted HLA class I and class II epitopes (Fig. 3). Notably, 32% of
the predicted HLA class II epitopes localized to a region consisting
of 9 amino acids at positions 76 to 84, with high conservation of
phenylalanine, valine, and leucine at positions 76, 77, and 80.
We verified the immunogenicity of the predicted epitopes in
the PE domains (Fig. 4A), using cells from newly diagnosed spu-
tum smear-positive, HIV-seronegative tuberculosis patients in
the Gambia. Synthetic peptides representing consensus sequences
from predicted epitopes in the PE domains of multiple PE_PGRS
proteins were used to stimulate freshly obtained diluted whole
blood samples followed by quantitation of secreted gamma inter-
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FIG 4 Antigenicity of peptides representing predicted CD4 T cell epitopes in
the PE domain. Peptides were selected based on the frequency of the corre-
sponding sequences in the PE domains of 64 PE_PGRS proteins and on the
predicted binding affinity to common human HLA class IT alleles. (A) Position
of the candidate epitope peptides within the PE domain, compared with pre-
dicted T cell epitope frequencies in PE_PGRS proteins. The graph represents
the number of predicted high binding affinity (IC;, < 50 nM; circles) and
intermediate binding affinity (IC5, < 500 nM; triangles) HLA class II-
restricted epitopes relative to the position within the PE domain of PE_PGRS
proteins. (B) Responses (release of IFN-y) to the peptides shown in panel A, in
a diluted whole blood assay performed on fresh samples of newly diagnosed
pulmonary tuberculosis patients in the Gambia. Each point represents the
response of a single subject; the horizontal line represents the mean response
for the group. Each value is the net concentration after subtraction of back-
ground determined with an unstimulated sample run in parallel. Responses
induced by peptides 4 to 7 are the strongest compared to that of peptides 1, 2,
3,and 8 (peptides 6 and 7, P = 0.01; peptides 4 and 5, P < 0.0001 by nonpara-
metric Friedman test). Peptides 4 and 5 (red lines) correspond to the region
with the highest density of predicted epitopes.

feron (IFN-vy). This revealed a close association between the den-
sity of the predicted epitopes at a given position and the amount of
gamma interferon released (Fig. 4B; analysis of variance
[ANOVA]J, P = 0.02).

Based on the distribution of predicted epitopes, we identified
two groups of PE_PGRS proteins. One group (45 proteins) had no
predicted class I or class II epitopes within the C-terminal PGRS
domain. The second group (19 proteins) was characterized by one
or more clusters of predicted class I and class II epitopes within the
PGRS region or at the C terminus. The regions in which these
epitopes were located did not contain the tandem repeats of Gly-
Gly-Ala and Gly-Gly-Asn, which are the hallmarks of the PGRS
domain (Fig. 5). The unique C-terminal domain of the two PE_u-
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FIG 5 T cell epitopes are associated with specific domains of PE_PGRS
proteins. Epitope profiles are shown for representatives of 3 variants of PE
family members: a typical PE_PGRS protein (PE_PGRS 33), a PE_unique
protein (PE_PGRS 62), and a PE_PGRS with a region of unique sequences
located at the C terminus (PE_PGRS 35). Profiles for high affinity (IC5, <
50 nM) MHC class II epitopes and intermediate affinity (IC5, < 500 nM)
MHC class I epitopes are shown.

nique domain proteins (PE_PGRS 62 and LipY) was similarly
characterized by a large proportion of predicted epitopes. Thus,
the classically defined Gly-Ala-rich PGRS domain was devoid of
predicted epitopes (Fig. 5), suggesting that this domain is not rec-
ognized by T cells of individuals with the globally prevalent HLA
class I and class II alleles considered here.

Epitope prediction and genetic diversity. To characterize the
impact of sequence diversity of PE_PGRS proteins on HLA bind-
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ingand T cell recognition, we analyzed the consequences of amino
acid changes on epitope prediction in the three domains of the
PE_PGRS proteins: the PE domain, the PGRS domain, and the
C-terminal unique domain. The PE domain was highly conserved
across all paralogs of the family, with an average identity and sim-
ilarity of ~46% and ~65%, respectively. The PE domain was sig-
nificantly more conserved than the rest of the PE_PGRS proteins:
of 381 polymorphisms (SNPs and indels) in the 26 sequenced
proteins (excluding Wag22), only 9.2% (12 synonymous SNPs
[sSNPs], 19 nSNPs, 4 indels) occurred in the PE domain (y? with
Yates correction for continuity = 13.9, P < 0.001). Consistent
with this, nucleotide diversity () was significantly lower in the PE
domain than in the PGRS domain (Wilcoxon signed-rank test, P
< 0.05) (Fig. 6A), and the overall ratio of nonsynonymous to
synonymous evolutionary changes (dN/dS ratio) of the PE do-
main was 0.6, indicating purifying selection acting on this domain
(Fig. 6B). Finally, the nSNPs in the PE domain did not affect the
predicted HLA class I and class II epitopes. The single exception
was in PE_PGRS 26, where an nSNP affecting all strains from
lineage 6 (West Africa) occurred within the conserved epitope hot
spot in residues 76 to 84 and was associated with a marked change
in the HLA class II prediction: conversion of Gln to His in position
78 changed the number of predicted epitopes from 27 to 42.

In contrast to the conserved PE domain, the PGRS domains,
which contained few predicted T cell epitopes in the reference
sequence, were highly polymorphic, with 70 sSNPs, 124 nSNPs,
and 132 indels among the 24 proteins. However, none of the
nSNPs or indels in these domains resulted in either loss or appear-
ance of predicted CD4" or CD8* T cell epitopes. Therefore, the
hypothesis that the high genetic diversity and large number of
indels concentrated in the PGRS domains mediate evasion of T
cell recognition is not supported by these results. The bias toward
synonymous substitutions in the PGRS domains (dN/dS = 0.75;
Fig. 6B) further argues against the notion that PGRS domains
exhibit antigenic diversity. Although numerous in-frame indels
were present in the PGRS domains (Fig. 6C), the amino acid se-
quences of variants harboring in-frame indels were similar to the
reference sequence, suggesting these in-frame indels have a lim-
ited impact on gene function or antigenicity.

Analysis of the C-terminal unique domain present in PE_P-
GRS 6, 35, 39, and 62 and LipY revealed that this domain was
under positive selection (dN/dS = 1.7) (Fig. 6B), and a significant
proportion of the predicted epitopes were associated with this
domain. In contrast to the PE domain, the frameshift indels and
nSNPs occurring in this portion of the protein did affect the re-
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sults of epitope predictions. For example, PE_PGRS 6, 35, and 39
were all characterized by a 1-bp indel that disrupted the entire
C-terminal domain but maintained the integrity of the remainder
of the protein. The insertion in PE_PGRS 6 occurred in 26 strains
from lineages 1 and 6, implying that the C-terminal domain of this
PE_PGRS is not essential in these lineages. PE_PGRS 62 and LipY,
both PE_unique domain proteins, harbored 6 and 4 nSNPs, re-
spectively, in their C-terminal unique domain. Epitope prediction
analyses showed that each mutation altered either the predicted
affinity or the number of HLA alleles potentially involved in the
interaction, especially for predicted HLA class II-restricted
epitopes. Overall, these results show that although human T cell
recognition is clearly not the force driving the variation of the PE
and PGRS domains, this may not be true for the C-terminal
unique domain present in a subset of PE_PGRS proteins.

DISCUSSION

Our results extend previous findings that considerable sequence
diversity exists within members of the pe_pgrs family (35, 36, 46,
47). We found that this was reflected by a significantly higher
nucleotide diversity than that in the rest of the genome and by a
high frequency of indels. In contrast to a previous study of five
pe_pgrs genes (47), our analysis revealed that individual members
of the pe_pgrs family differ widely in their nucleotide diversity and
indel frequency. Intriguingly, we found that some genes with the
lowest nucleotide diversity had the highest indel diversity (pe_pgrs
23 and 33 in Fig. 1A and C). Moreover, our data showed that the
individual pe_pgrs genes had very different dN/dS values. A recent
study used sequence data from five pe_pgrs genes and calculated
an overall dN/dS ratio of 0.88, which was interpreted as evidence
for limited selection pressure acting on these genes (47). However,
our data suggest that the selection pressures acting on individual
pe_pgrs genes differ, with some evolving neutrally, while others
showed dN/dS consistent with purifying or diversifying selection.

In addition to the differences among the various pe_pgrs genes,
we observed important differences between the PE and the PGRS
domains. Specifically, the N-terminal PE domain in all of the 27
genes examined was conserved among strains, and most of the
diversity localized to the PGRS and C-terminal unique domains.
Indel diversity was also predominantly associated with the PGRS
domains. However, most of these indels were in frame, suggesting
that selection is acting to preserve the reading frame of most pe_p-
grs genes. Taken together, our results suggest that pe_pgrs genes
differ in function, that many of these functions are likely to be
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nonredundant, and that the overrepresentation of in-frame indels
supports a role for natural selection.

One of the most widely studied pe_pgrs genes is pe_pgrs 33 (35,
48, 49). We found that this gene exhibited a low nucleotide diver-
sity (1) and low dN/dS ratio but a large number of in-frame indels.
Prior studies of pe_pgrs 33 sequence variants found that large de-
letions in this gene were associated with reduced induction of
tumor necrosis factor alpha (TNF-«) (50), reduced patient clus-
tering, and absence of lung cavitation (49). In our study, 30% of
the strains contained large indels in pe_pgrs 33. Moreover, all
strains from lineage 1 harbored a frameshift indel and a premature
stop codon, resulting in a protein reduced in length at the C ter-
minus by ~30%. These data support the notion that natural ge-
netic variation in the MTBC, even in a single gene, may have a
significant impact on clinical and epidemiological phenotypes
(51).

While the findings noted above suggest a function for PE_P-
GRS 33 in modulating innate immune and inflammatory re-
sponses, our results indicate that the findings for one member of
the pe_pgrs family are unlikely to be generalizable to the family as
a whole. Despite a common molecular architecture, our analysis
showed that pe_pgrs can be categorized into groups according to
their genetic diversity or indel diversity and also revealed that
while some members are evolutionarily conserved, others are
clearly under diversifying selection. Identification of these groups
suggests that further studies to understand the role of PE_PGRS
proteins may benefit by considering PE_PGRS as a superfamily
with multiple functions rather than as a unique group of proteins
sharing a common role.

Since the proposed involvement of PE_PGRS proteins in anti-
genic variation is based on the highly polymorphic nature of their
PGRS domains, and since prevailing evidence supports a domi-
nant role for T cells in immunity to TB, we expected to find T cell
epitopes concentrated in the PGRS domain. However, most pre-
dicted epitopes were located in the PE domain, and amino acid
sequence variation did not affect the predicted T cell epitopes,
which is consistent with our recent finding that the experimentally
verified human T cell epitopes in MTBC are conserved (13). Anal-
ysis of the data available in the Immune Epitope Database (http:
/Iwww.iedb.org; accessed 1 August 2013) reinforced this conclu-
sion: of the currently known 1,649 M. tuberculosis epitopes that
induce human T cell responses, 30 are encoded in pe_pgrs genes,
and only three of these T cell epitopes are located in the PGRS
domain. Finally, our experimental findings confirm that predicted
T cell epitopes are targets for recognition by T cells of humans with
pulmonary tuberculosis. Thus, the findings reported here indicate
that T cell recognition is not the diversifying selection pressure
acting on members of the pe_pgrs family and emphasize the need
to identify the selection mechanisms that are responsible. Since we
and others have found that the greatest variation is in the PGRS
domains, and since the PGRS domains of at least some of the
family members are targets for recognition by antibodies (52, 53),
it is possible that the PGRS variants are selected by antibody rec-
ognition. However, the possibility of a role for antibody responses
in protective immunity against TB has only recently been consid-
ered (54), and no data currently exist to indicate that antibody
recognition of a PE_PGRS protein can contribute to control of
tuberculosis or select for antigenic variants. In mice, Delogu and
Brennan observed that DNA immunization with full-length pe_p-
grs 33 promoted a nonprotective, B cell-skewed response, while
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vaccination with the PE domain alone elicited predominantly cell-
mediated immunity and protection against challenge (55). In con-
trast, our finding that the predicted T cell epitopes in the PE_P-
GRS proteins are conserved, suggesting little evolutionary
advantage to escaping recognition by human T cells, is consistent
with two major possibilities that are not mutually exclusive. One is
that M. tuberculosis uses mechanisms other than epitope sequence
variation to evade elimination by T cell responses. The second is
that epitope sequence conservation is driven by an evolutionary
benefit to the bacteria by T cell recognition, such as by facilitating
TB transmission. The former is supported by evidence for multi-
ple mechanisms of M. tuberculosis evasion of cellular immune
responses (56), while the latter is supported by the observation
that CD4* T cell-deficient HIV-infected individuals transmit TB
less efficiently than do immunocompetent individuals (20).

In conclusion, although we show that pe_pgrs genes are overall
more diverse than the remainder of the MTBC genome, we ob-
served a wide range of genetic diversity across the paralogs of this
unique family of genes. Our results strongly suggest that human T
cell recognition is not the evolutionary force driving the sequence
variation of these genes and compel the examination of alternative
hypotheses regarding the selective forces acting on the pe_pgrs
genes.

MATERIALS AND METHODS

Bacteria. PE_PGRS sequences were determined in 94 strains chosen from
a worldwide MTBC collection (see Table S2 in the supplemental mate-
rial). Ethical approval for strains isolated in Nepal (prospectively col-
lected) was obtained from the Nepal Health Research Council (NHRC),
Kathmandu, Nepal, and the Ethics Committee of Basel, Switzerland
(EKBB). Written informed consent was obtained for all Nepalese patients.
All other MTBC strains were obtained from established reference collec-
tions (12, 16, 57). Bacterial strains were grown from single colonies, and
genomic DNA was extracted using Qiagen kits.

We determined the main MTBC lineages by single nucleotide poly-
morphisms (SNPs) using multiplex real-time PCR with fluorescence-
labeled probes (TagMan, Applied Biosystems, USA) adopted from previ-
ous studies (58).

PE_PGRS sequencing. Twenty-seven pe_pgrs genes were amplified in
their entirety in 94 DNA samples by using primers anchoring conserved
flanking regions (see Table S6); therefore, pe_pgrs flanked by other PE/
PPE genes were excluded from analysis, to take advantage of conserved
primer sites. As multiple sequencing reactions were necessary to obtain
full-length gene sequences, additional sequencing primers were designed
within each gene to achieve overlaps of at least 70 bp. Deletion of wag22
and pe_pgrs 2 in some strains was confirmed using independent sets of
amplification primers and by analysis of whole genome sequences as gen-
erated in reference 14. Sequences were obtained at Macrogen Laboratories
(Seoul, South Korea; Amsterdam, the Netherlands) and GENEWIZ, Inc.
(New Jersey).

Sequences showing unusual patterns, such as convergent evolution
mutations or out-of-frame indels, were verified by sequencing an inde-
pendent PCR product from the same sample. A total of 128 samples for 26
loci were resequenced (402,127 bp). Only two mutations failed to be con-
firmed.

Sequence analysis. Sequences were assembled using the Staden pack-
age (59) to obtain one sequence per gene and strain. For each pe_pgrs,
sequences from all strains were aligned by using Clustal (60) and MAAFT
(61) and verified manually.

Genetic variability and positive selection analyses were performed us-
ing DnaSP4 (62) and MEGA 4 (63). For the nucleotide diversity analysis,
polymorphic sites were excluded from analysis if other strains contained
sequences with large indels (larger than 25% of the gene) that affected the
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same region. Sequences with frameshift indels disrupting the ORF were
also excluded. Genetic diversity parameters for all sequenced pe_pgrs (ex-
cept wag22) are shown in Table S3 in the supplemental material. The Nei
method was used to calculate the haplotype diversity and the nucleotide
diversity (64). The dN/dS ratio was calculated by implementing the
method of Nei and Gojobori (65), using the number of nonredundant
sSNPs and nSNPs. Table S4 shows the parameters of the indel analysis for
all sequenced pe_pgrs.

The average nucleotide diversity and indel diversity per site were cal-
culated for each domain using the Nei method (64). In order to calculate
the dN/dS ratio for each domain, we generated a concatenated alignment
combining all individual domains from each gene. For each concatenate,
we performed pairwise comparisons with the reference strain (H37Rv) to
define synonymous and nonsynonymous substitutions implementing the
method of Nei and Gojobori as described above. To group strains and
lineages in our data set, a principal component analysis (PCA) was per-
formed using BioNumerics software version 6.6 based on 370 polymor-
phisms in 89 non-pe_pgrs genes (12) for 45 strains included in our study
(see Table S2). PCA distinguished three major groups: strains belonging
to lineage 6 (Mycobacterium africanum), strains belonging to lineage 1,
and strains belonging to the lineages 2, 3, or 4 (these three lineages have
been referred to as evolutionarily “modern”) (12).

Epitope prediction. Complete PE_PGRS amino acid sequences of
MTBC strain H37Rv were retrieved from GenBank (http://www.ncbi.nlm
.nih.gov/Genbank/). NetMHCpan 2.3 and NetMHClIIpan 2.2 were used
for predicting CD8*% and CD4™" T cell epitopes in MTBC protein se-
quences, respectively (40, 41).

NetMHCpan and NetMHClIpan servers are reported to be the most
accurate prediction algorithms currently available based on the artificial
neural network algorithm (66). The output of these predictions is in the
form of a table, showing binding affinity of each possible putative epitope
sequence with selected HLA alleles. Threshold cutoff values correspond-
ing to IC;, values of <50 nM and <500 nM were used for both MHC class
IT and class I predictions. CD8* T-cell peptide length was not included as
a criterion in the analysis, and multiple allele/length pairs were submitted
at a time.

HLA allele selection. In order to represent the diverse human popu-
lation, prediction analyses were performed using the most prevalent
HLA-A, -B, and -DR alleles in representative populations as defined by the
Allele Frequency Database (http://www.allelefrequencies.net/). The re-
sults of population coverage for the 10 geographical regions for which the
allele frequencies are available are shown in Table S5 in the supplemental
material.

Human T cell responses to predicted PE domain epitope peptides.
The subjects studied were newly diagnosed pulmonary tuberculosis pa-
tients enrolled in a prospective study that will be described in detail else-
where. Briefly, after informed consent, HIV-seronegative adults with spu-
tum smear-positive tuberculosis at the MRC Laboratories, the Gambia,
donated blood for analysis in a diluted whole blood assay, as previously
described (67, 68). Peptides were synthesized by EZ Biolabs and were
added at a final concentration of 10 ug/ml to heparinized whole blood
diluted with 9 volumes of RPMI 1640. Samples without stimulus and with
phytohemagglutinin (PHA; 5 ug/ml) were used as negative and positive
controls, respectively. After a 7-day incubation at 37°C in a humidified
CO, incubator, supernatants were removed and assayed for the concen-
tration of gamma interferon (IFN-vy) by enzyme-linked immunosorbent
assay (ELISA). Samples in which release of IFN-vy in response to PHA did
not exceed the mean plus 2 standard deviations above the concentration
in the unstimulated controls were excluded from analysis. The studies
were reviewed and approved by the NY University Institutional Review
Board and by the Gambia Government/Medical Research Council (MRC)
Joint Ethics Committee.

Statistical analysis. Wilcoxon signed-rank (Mann-Whitney) test was
used to compare the genetic diversity of (i) pe_pgrs genes with the rest of
the M. tuberculosis genes and (ii) the PE and PGRS domains of pe_pgrs,
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using Stata 10 (StataCorp LP, College Station, TX, USA). Epitope distri-
bution analyses were performed by using the x? test with Yates correction
for continuity to compare the observed and expected frequencies of T cell
epitopes distributed in PE_PGRS proteins (df = 1). Partitioning of ge-
netic variation among and within groups identified by PCA was tested by
an analysis of molecular variance (AMOVA) using Arlequin version
v3.1.5.3 (69). The numerical vectors provided from PCA were graphically
represented, and the groupings were used to group haplotypes and com-
pute the AMOVA. We used PE_PGRS sequence haplotypes as individuals,
and we grouped haplotypes into groups according to results from PCA
analysis. Significance tests were assessed using 1,023 permutations, and
then Bonferroni adjustment was applied for multiple comparisons.

Results of interferon gamma release in response to each epitope pep-
tide by all included subjects were compared to that of the unstimulated
samples by nonparametric Friedman test, using Prism 6.0 (GraphPad, San
Diego, CA).

Nucleotide sequence accession numbers. Sequences have been de-
posited in GenBank and assigned accession numbers JX179300 through
JX181656.
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